The hydroxylation of 4-and 3-ring carbons of cinnamic acid derivatives during monolignol biosynthesis are key steps that determine the structure and properties of lignin. Individual enzymes have been thought to catalyze these reactions. In stem differentiating xylem (SDX) of Populus trichocarpa, two cinnamic acid 4-hydroxylases (PtrC4H1 and PtrC4H2) and a p-coumaroyl ester 3-hydroxylase (PtrC3H3) are the enzymes involved in these reactions. Here we present evidence that these hydroxylases interact, forming heterodimeric (PtrC4H1/C4H2, PtrC4H1/C3H3, and PtrC4H2/C3H3) and heterotrimeric (PtrC4H1/C4H2/C3H3) membrane protein complexes. Enzyme kinetics using yeast recombinant proteins demonstrated that the enzymatic efficiency (V max /k m ) for any of the complexes is 70-6,500 times greater than that of the individual proteins. The highest increase in efficiency was found for the PtrC4H1/ C4H2/C3H3-mediated p-coumaroyl ester 3-hydroxylation. Affinity purification-quantitative mass spectrometry, bimolecular fluorescence complementation, chemical cross-linking, and reciprocal coimmunoprecipitation provide further evidence for these multiprotein complexes. The activities of the recombinant and SDX plant proteins demonstrate two protein-complex-mediated 3-hydroxylation paths in monolignol biosynthesis in P. trichocarpa SDX; one converts pcoumaric acid to caffeic acid and the other converts p-coumaroyl shikimic acid to caffeoyl shikimic acid. Cinnamic acid 4-hydroxylation is also mediated by the same protein complexes. These results provide direct evidence for functional involvement of membrane protein complexes in monolignol biosynthesis.
L
ignin is a phenolic polymer made by vascular plants to support secondary cell walls and to create a hydrophobic surface for water transport (1) . Lignin also forms a physical barrier to restrict pathogens and resists microbial decomposition in wood (1) . Lignin is typically polymerized from three phenylpropanoid monomers, p-coumaryl, coniferyl, and sinapyl alcohols, also known as the H, G, and S monolignols, respectively (2) . The conversion of plant biomass into fermentable sugars or pulp and paper is largely determined by the structure, quantity, and monomer composition of lignin (3, 4) .
Monolignol biosynthesis in angiosperms is mediated by 10 enzyme families through a metabolic grid (5, 6) . Three types of cytochrome P450 monooxygenases establish key structural characteristics of monolignols (5) (Fig. 1) . Cinnamic acid 4-hydroxylase (C4H; CYP73A) catalyzes aromatic ring-4 hydroxylation of cinnamic acid into p-coumaric acid (7), the most direct precursor for H monolignols. p-Coumaric acid 3-hydroxylase (also called p-coumaroyl ester 3-hydroxylase) (C3H; CYP98A) (8) hydroxylates p-coumaroyl ester derivatives at the ring-3 position, leading to coniferaldehyde and G monolignols. Coniferaldehyde 5-hydroxylase (CAld5H; CYP84A) (9) , then hydroxylates coniferyl aldehyde at the ring-5 carbon (9, 10) to yield S monolignols (Fig. 1) .
Our understanding of the regulation of the monolignol biosynthetic pathway at the transcript, protein, and metabolite levels remains incomplete. Genome sequence information now allows us to investigate this regulation in greater detail. Full transcriptome analysis suggests involvement of multiple protein members of several families in monolignol biosynthesis (6, 11, 12) . For example, in Populus trichocarpa two C4H genes, PtrC4H1 (POPTR_0013s15380) and PtrC4H2 (POPTR_0019s15110), sharing 85.9% DNA sequence identity, are expressed specifically and abundantly during lignification in stem differentiating xylem (SDX) (6) . PtrC4H1 and PtrC4H2 are paralogs (not alleles) because they are located on linkage groups 13 and 19, respectively (6) . The specific biochemical or regulatory roles of each PtrC4H and of each of the members of several other protein families in monolignol biosynthesis are unknown. Knowledge of such roles is central to a comprehensive understanding of the organization and regulation of the entire lignin biosynthetic pathway.
The aromatic ring-3 hydroxylation was long thought to occur at p-coumaric acid to yield caffeic acid (5) (Fig. 1) . Biochemical evidence indicates that 3-hydroxylation can take place at p-coumaroyl shikimic acid (Fig. 1) . Arabidopsis thaliana C3H recombinant protein produced in yeast (Saccharomyces cerevisiae) converts p-coumaroyl shikimic acid into caffeoyl shikimic acid very efficiently (k cat = ∼600 min −1 ) (8). However, the yeast recombinant protein from P. trichocarpa C3H3 (PtrC3H3), the apparent ortholog of the A. thaliana C3H, has essentially no activity with p-coumaroyl shikimic acid (Results).
Genetic evidence supports 3-hydroxylation at the p-coumaroyl ester level. A. thaliana mutants in the C3H gene or transgenic cosuppression of this gene in A. thaliana (13) , alfalfa (Medicago sativa) (14) , and hybrid poplar (Populus grandidentata × alba) (15) resulted in lignin enriched with H monomers. However, no accumulation of the C3H substrate, p-coumaroyl shikimic acid, was detected in the A. thaliana C3H-knockout mutant (cyp98A3) (13) , inconsistent with a 3-hydroxylation path at the p-coumaroyl ester level. Clearly, our knowledge of the 3-hydroxylation pathway is incomplete and many aspects of P450 monolignol hydroxylation need to be further explored.
The components of a P450 system are anchored in microsomal membranes, where the monooxygenase interacts with its redox partner, NADPH cytochrome P450 reductase (CPR), for substrate oxygenation to yield a hydroxylated product (16) . In mammals, there is only one CPR species, and P450s form multiprotein complexes to interact with CPR (17) (18) (19) (20) . Similarly, CPR may be a limiting factor for plant P450 reactions (21) . C4H and C3H could interact to share CPR for two consecutive hydroxylation reactions, and the interaction could be a central regulatory step for hydroxylation specificity that cannot be detected by studying single enzymes.
Here we describe the specific hydroxylation functions of PtrC4H1, PtrC4H2, and PtrC3H3 and the discovery of their protein complexes for monolignol biosynthesis in P. trichocarpa. Kinetic analysis reveals unique complex-enhanced activity and regulation of 4-and 3-hydroxylations. We used reciprocal coimmunoprecipitation, affinity purification-quantitative mass spectrometry (MS), chemical cross-linking, and bimolecular fluorescence complementation (BiFC) (22) to verify the physical interactions of proteins and their presence in the endoplasmic reticulum (ER) of P. trichocarpa SDX.
Results
Xylem Proteins Mediate 4-Hydroxylation of Cinnamic Acid and 3-Hydroxylation of Both p-Coumaric and p-Coumaroyl Shikimic Acids.
To investigate 4-and 3-hydroxylation pathways in monolignol biosynthesis, we first characterized SDX hydroxylation reactions using several cinnamic acid derivatives as substrates. Cinnamic acid was rapidly converted into p-coumaric acid together with a lag phase for the production of caffeic acid ( Fig. 2A) , suggesting that cinnamic acid is first 4-hydroxylated into p-coumaric acid, which is then 3-hydroxylated into caffeic acid (Fig. 1 ). Both products accumulated over 12 h (Fig. S1 A and B) . The product identity was corroborated by LC-MS/MS using selected reaction monitoring (SRM) ( Table S1 ). These results support the presence of the 4-and 3-hydroxylation reactions in the plant. We also detected endogenous cinnamic, p-coumaric, and caffeic acids in the SDX extract (Fig. S1 A-C Fig. 2 B and C) . The conversion was authenticated on the basis of the SRM detection of multiple product ions specific to the [β,γ- 13 C 2 ]-labeled enzyme reaction products ( Fig. 2C and Table S1 ). These [β,γ- 13 C 2 ]-labeled species coeluted with endogenous/natural species (Fig. S1 C-H) . These plant protein reactions and the presence of endogenous cinnamic acid derivatives demonstrate a hydroxylation pathway from cinnamic acid to caffeic acid through p-coumaric acid.
The SDX total proteins had no 3-hydroxylation activity with pcoumaroyl-CoA, p-coumaraldehyde, or p-coumaryl alcohol (Fig.  1 ), but effectively 3-hydroxylated p-coumaroyl shikimic acid into caffeoyl shikimic acid (Figs. 1 and 2D ). The conspicuous 3-hydroxylation rates for p-coumaroyl shikimic acid and for p-coumaric acid (Fig. 2D ) support the existence of 3-hydroxylation at both p-coumaroyl shikimic acid and p-coumaric acid levels for monolignol biosynthesis in P. trichocarpa. On the basis of the genome sequence and gene-specific transcript abundance (6, 12) , PtrC4H1, PtrC4H2, and PtrC3H3 are likely to be the P450 monooxygenases for the 4-and 3-hydroxylation described above. To confirm this expectation, we first tested whether PtrC4H1, PtrC4H2, and PtrC3H3 are ER resident proteins.
PtrC4H1, PtrC4H2, and PtrC3H3 Are Located in the ER of P. trichocarpa SDX Cells. We used fluorescent fusion proteins to reveal the subcellular location of PtrC4H1, PtrC4H2, and PtrC3H3. We constructed expression vectors containing the full-length SDX PtrC4H1, PtrC4H2, or PtrC3H3 cDNA sequences (6) fused at the C terminus with an sGFP coding sequence (23) . Each of the hydroxylase fusion sequences, driven by the CaMV 35S promoter, was introduced into P. trichocarpa SDX protoplasts. Each of the fusion proteins exhibits a fluorescent pattern suggesting ER localization (Fig. S3) . Ro et al. (24) also demonstrated the ER localization of a P. trichocarpa × Populus deltoides C4H, the ortholog of PtrC4H1, in transgenic A. thaliana. The subcellular localization of C3H had not been previously determined. We cotransfected P. trichocarpa SDX protoplasts with a 35S-PtrC3H3:sGFP fusion construct and an mCherry ER marker plasmid (ABRC stock no. CD3-959) and demonstrated that the PtrC3H3:sGFP fusion protein was colocalized with the ER marker (Fig. 3) . The fluorescent patterns of PtrC4H1:sGFP, PtrC4H2:sGFP, and PtrC3H3:sGFP ( Fig. S3 ) compared with that of the ER marker ( Fig. 3 ) reveal that PtrC4H1, PtrC4H2, and PtrC3H3 are ER resident proteins in P. trichocarpa SDX cells. (Table 1 ). PtrC3H3 recombinant protein had no 3-hydroxylation activity with either cinnamic or p-coumaric acids. In P. trichocarpa, PtrC3H3 has the highest protein sequence identity (85%) with the A. thaliana C3H. The yeast recombinant protein encoding this A. thaliana C3H also had no activity with p-coumaric acid, but it efficiently 3-hydroxylated p-coumaroyl shikimic acid (k m = ∼7 mM) with a remarkable enzyme turnover number (k cat = ∼600 min −1 ) (8). In sharp contrast, the yeast recombinant PtrC3H3 protein exhibited low activity with p-coumaroyl shikimic acid (Table 1) . However, we detected a significant level of the p-coumaroyl shikimic acid 3-hydroxylation activity in P. trichocarpa SDX total protein extracts (Fig. 2D ). These results suggest that a different or more complex cytochrome P450 system may be involved in 3-hydroxylation.
In mammal P450 systems, monooxygenation reactions frequently involve protein-protein interactions (16, (18) (19) (20) . To test whether such interactions are involved in our case, we first mixed independent microsomes from recombinant PtrC3H3 and PtrC4H yeast strains to assay p-coumaroyl shikimic acid 3-hydroxylation activity, but found that such activity remained the same. We then coexpressed different combinations of PtrC4H1, PtrC4H2, and PtrC3H3 (i.e., PtrC4H1+PtrC4H2, PtrC4H1+PtrC3H3, PtrC4H2+ PtrC3H3, and PtrC4H1+PtrC4H2+PtrC3H3) in yeast to investigate their hydroxylation reactions (Table 1) . Western blot analysis showed that the quantities of each target hydroxylase in the microsomes expressing the hydroxylase alone and in the microsomes coexpressing the target and other recombinant hydroxylases are similarly abundant (Fig. S4) . Therefore, differences between individual activities and coexpressed activities are not due to different levels of specific protein quantity. The differences provide evidence for assembly of a functional microsomal protein complex that is not formed by mixing individual preparations of microsomes. The coexpressed PtrC4H1+ PtrC4H2 recombinant protein exhibited 2-to 10-fold decreases in k m and 6-to 40-fold increases in V max with cinnamic acid compared with the individual recombinant proteins. The enzymatic efficiency (V max /k m ) increased at least 70-fold as coexpressed recombinant protein. The coexpressed PtrC4H1+PtrC3H3 proteins catalyzed cinnamic acid 4-hydroxylation 80-fold more effectively than did PtrC4H1 alone, whereas PtrC4H2+PtrC3H3 had a nearly 100-fold increase in 4-hydroxylase activity with cinnamic acid compared with PtrC4H2 alone. PtrC4H1+PtrC4H2+PtrC3H3 had the lowest k m with cinnamic acid and 125-and 110-fold increases in enzymatic efficiency compared with PtrC4H1 and PtrC4H2, respectively. As expected, PtrC3H3 has no 4-hydroxylation activity.
Whereas neither of these three hydroxylases alone had any 3-hydroxylase activity with p-coumaric acid, coexpressed PtrC4H1+ PtrC3H3, PtrC4H2+PtrC3H3, or PtrC4H1+PtrC4H2+PtrC3H3 3-hydroxylated p-coumaric acid into caffeic acid at a low but significant rate. The enzymatic activity of PtrC3H3 was most dramatically affected when coexpressed with PtrC4H. Recombinant PtrC4H1+PtrC3H3 exhibited a nearly 500-fold increase in V max /k m for 3-hydroxylation of p-coumaroyl shikimic acid into caffeoyl shikimic acid compared with PtrC3H3 alone (Table 1) . The increase for PtrC4H1+PtrC4H2+PtrC3H3 was over 6,500-fold. All three acids (cinnamic, p-coumaric, and p-coumaroyl shikimic) are substrates for PtrC4H1+PtrC4H2+PtrC3H3, supporting the SDX activity results for two hydroxylation pathways, one through p-coumaric acid to caffeic acid and one through p-coumaroyl shikimic acid to caffeoyl shikimic acid (Fig. 1) .
We observed highly efficient enzymatic activity when either one of the three hydroxylases was coexpressed with one or two other hydroxylases, but not when it was expressed alone or in a mixture of microsomes containing individual hydroxylases. These results suggest that these coexpressed proteins are assembled in the same membrane system and function through protein-protein interactions. We then used coimmunoprecipitation and affinity purification-quantitative MS to verify these interactions in yeast recombinant microsomes, and BiFC, chemical cross-linking, and reciprocal coimmunoprecipitation to authenticate these interactions in P. trichocarpa SDX cells.
Coimmunoprecipitation Supports Recombinant PtrC4H1/C3H3 Protein
Complexes in Yeast Microsomes. To test for an interaction of C4H and C3H, we coexpressed the full-length PtrC3H3 and a C-terminal His-tagged full-length PtrC4H1 (PtrC4H1 His ) in yeast. Lysates of the transformed cells were incubated with a monoclonal anti-His antibody. The process should coimmunoprecipitate the attached PtrC3H3, if there is a PtrC4H1/C3H3 complex. Total proteins from PtrC4H1 His +PtrC3H3-expressing cells gave a PtrC3H3-specific protein signal with the expected PtrC3H3 molecular mass in a Western blot using PtrC3H3-specific antibodies (Fig. 4A, lane 1) . When these total proteins were incubated with anti-His antibody followed by protein G/magnetic bead-based affinity purification, PtrC3H3 became highly enriched in the coimmunoprecipitate compared with total protein extracts (Fig. 4A, lane 2) . To verify that this PtrC3H3 signal was not due to nonspecific binding between the PtrC4H1 His + PtrC3H3 complex and protein G, lysates from cells coexpressing PtrC4H1 His +PtrC3H3 were only incubated with protein G/ magnetic beads, followed by SDS/PAGE and Western blotting. PtrC3H3 was not detected in the anti-His immunoprecipitates (Fig. 4A, lane 3) . We also expressed PtrC3H3 alone in yeast cells, from which lysates were incubated with anti-His antibodies followed by protein G/magnetic bead-based affinity purification. PtrC3H3 was not detected in the immunoprecipitate (Fig. 4A,  lane 4) . These results support the formation of recombinant PtrC4H/C3H complexes in yeast membranes.
Fusion-Tagged Affinity Purification and Quantitative MS Verifies a
PtrC4H1/C3H3 Protein Complex. To further verify a C4H/C3H protein complex, we coexpressed PtrC4H1+PtrC3H3 His yeast recombinant protein, a reciprocal combination of the bait and prey as described above, and affinity purified it for MS. If PtrC4H1 and PtrC3H3 form a complex, the PtrC3H3 His -based affinity purification should pull down both PtrC4H1 and PtrC3H3 His . After lysing Table S1 ). The SRM chromatogram highlighted in light red shows the four specific fragment ions with mass-to-charge (m/z) ratios of 149, 120, 91, and 65 from the precursor ion of p-[β,γ- cells coexpressing the PtrC4H1+PtrC3H3 His construct or control cells (PtrC4H1+PtrC3H3 lacking the His-tag), the proteins were affinity purified by nickel microbeads and then trypsin-digested for nanoLC-MS/MS label-free (spectral counting) proteomic analysis. Spectral counting is a widely used method for quantifying relative changes in protein abundance (25) (26) (27) . The average normalized spectral counts (NSpC) obtained for each protein in the affinity purified pull-down from cells coexpressing PtrC4H1 and PtrC3H3 His were plotted against the NSpC obtained from the control (Fig. 4B) . The majority of proteins did not change concentration in both preparations. Both PtrC3H3 and PtrC4H1 were uniquely enriched in cells coexpressing PtrC4H1 and PtrC3H3 His . The protein affinity purification coupled with quantitative mass spectrometry strongly confirms a PtrC4H1/C3H3 complex. (Fig. 5A ) or PtrC3H3-YFP C (Fig. 5B) , or when PtrC4H2-YFP N was coexpressed with PtrC3H3-YFP C (Fig. 5C ). The fluorescence was not detected when YFP fragments were not complementary through the expression of PtrC4H1-YFP N , PtrC4H2-YFP N , or PtrC3H3-YFP C alone (Fig. 5 D-F) . As another control, P. trichocarpa PtrCAld5H2 (6) fused to YFP C did not show fluorescence with any of the complementary YFP N fragments fused to PtrC4H1 or PtrC4H2 (Fig. 5 G and H) . These control experiments also suggest that PtrCAld5H and PtrC4H function independently. We confirmed that both 4-and 3-hydroxylation are independent of PtrCAld5H by coexpression of PtrCAld5H2+PtrC4H1, PtrCAld5H2+PtrC4H2, and PtrCAld5H2+PtrC3H in yeast, and demonstrated that the coexpression had no effect on the reaction rate of the individual hydroxylases (Fig. S5) . Overall, BiFC indicated the formation of all possible heterodimeric complexes from PtrC4H1, PtrC4H2, and PtrC3H3, and thus a multiprotein complex of all three proteins, in the ER of P. trichocarpa SDX cells.
Chemical Cross-Linking and Reciprocal Coimmunoprecipitation Confirm Multiprotein Complexes of PtrC4H1, PtrC4H2, and PtrC3H3 in SDX. To provide further evidence for a multiprotein complex of the three target hydroxylases, we carried out chemical crosslinking of proteins in P. trichocarpa SDX cells. Chemical crosslinking has been widely used for stabilization of membrane protein-protein interactions (28) . The SDX protein extract containing intact membranes was incubated with the cross-linker dithiobis[succinimidyl propionate] (DSP) and the resulting proteins were directly analyzed by Western blotting using antiPtrC4H1, -PtrC4H2 or -PtrC3H3 antibodies. Antibody specificity was validated against yeast recombinant proteins (Fig. 5I) . PtrC4H1, PtrC4H2, and PtrC3H3 signals were detected, respectively, in protein masses with a similar molecular size that is larger than an oligomer containing one molecule of each of these three hydroxylases (Fig. 5J) , supporting a PtrC4H1/C4H2/C3H3 complex in P. trichocarpa SDX.
To further verify multiprotein complexes of the three hydroxylases, we used PtrC4H1-, PtrC4H2-and PtrC3H3-specific antibodies to carry out reciprocal coimmunoprecipitation in P. trichocarpa SDX protein extracts and to analyze associated protein complexes by Western blotting (Fig. 5K) . Coimmunoprecipitation captures intact protein complexes with stable or strong protein interactions. Both PtrC4H1 and PtrC4H2 (Fig.  5K, lanes 1 and 2) were detected in the immunoprecipitates pulled down by the anti-PtrC4H1 antibody, verifying a binding between PtrC4H1 and PtrC4H2. Reciprocally, the anti-PtrC4H2 NR, no reaction; data are means and SE (n = 3). *Values are nmol/min/μg microsomal protein.
Fig. 4. PtrC4H and PtrC3H form protein complexes in yeast microsomes. (A)
Western blot analysis using anti-PtrC3H3 antibodies. Antibody specificity was verified (Fig. 5B) . Proteins from yeast cells coexpressing PtrC3H3 and PtrC4H1 His without (lane 1) or with (lane 2) anti-His antibody pull-down followed by protein G-based affinity purification, or from yeast cells coexpressing PtrC3H3 and PtrC4H1 His and incubated with the protein G-based magnetic beads only (no anti-His antibody) (lane 3) or from yeast cells expressing PtrC3H3 alone and treated with anti-His antibody and protein Gbased affinity purification (lane 4). (B) Affinity purification-quantitative MS analysis represented by a scatter plot of the average NSpC obtained across all biological replicates (three each) for the affinity-purified target (PtrC3H3+ PtrC4H1 His ) and control (PtrC3H3+PtrC4H1) samples and technical replicates (three per sample). Only proteins with an average of five or more total spectral counts were considered and spectral counts were normalized (SI Materials and Methods). The dotted lines represent an arbitrary 2.5-fold cutoff commonly used (25) (26) (27) . The overall sequence coverage (percentage of amino acids within the identified peptides relative to the annotated protein) of PtrC3H3 and PtrC4H1 are 42.7 and 30.5%, respectively.
antibody coimmunoprecipitated PtrC4H1 (Fig. 5K, lane 3) , confirming the binding. Coimmunoprecipitation of PtrC4H2 and PtrC3H3 by anti-PtrC4H2 antibodies (Fig. 5K, lanes 4 and 5) demonstrated a strong interaction of PtrC4H2 and PtrC3H3, and the interaction was validated by reciprocal coimmunoprecipitation of these two proteins by anti-PtrC3H3 antibodies (Fig. 5K,  lanes 4 and 6) . Reciprocal coimmunoprecipitations of PtrC3H3 and PtrC4H1 using anti-PtrC3H3 (Fig. 5K, lanes 7 and 8) and anti-PtrC4H1 (Fig. 5K, lane 9) antibodies corroborated binding of PtrC3H3 and PtrC4H1. All these three proteins were coimmunoprecipitated by the antibody to any one of these proteins (Fig. 5K, lanes 1, 2, and 9; lanes 3-5; and lanes 6-8) . Anti-His antibodies did not coprecipitate any of these hydroxylase proteins. These results are direct evidence for in vivo protein complexes of PtrC4H1/C4H2, PtrC4H1/C3H3, PtrC4H2/C3H3, and PtrC4H1/C4H2/C3H3 in P. trichocarpa SDX.
The results with plant protein reactions, kinetics of recombinant proteins, affinity purification-quantitative MS, BiFC, chemical cross-linking, and reciprocal coimmunoprecipitation provide strong evidence for multiprotein complexes of PtrC4H1, PtrC4H2, and PtrC3H3 that function in the 4-and 3-hydroxylation of cinnamic acids. The enzymatic activities of the complexes support two pathways for 3-hydroxylation.
Discussion
Most cellular processes are carried out by interacting proteins assembled as multiprotein complexes (29) . Protein complexes were postulated in monolignol biosynthesis, primarily based on the enzymatic activities of phenylalanine ammonia-lyase (PAL) and C4H in plant homogenates (30, 31) . The enzyme activities of both PAL, a cytosolic protein, and a membrane-associated C4H were detected in microsomes from potato (Solanum tuberosum), cucumber (Cucumis sativus), and buckwheat (Fagopyrum esculentum). These results suggest that the cytosolic PAL activity in microsomes should come from a PAL/C4H protein complex anchored to the ER (30) (31) (32) . Using fluorescence resonance energy transfer (FRET), Achnine et al. (33) demonstrated that PAL and C4H are colocalized in microsomes of tobacco leaf protoplasts, but are separated by ∼80 Å. Evidence for a more direct PAL/C4H complex is lacking. All other protein complexes suggested for monolignol biosynthesis were less well supported and hypothetical.
In this study, we showed that PtrC4H1, PtrC4H2, and PtrC3H3 form all three possible heterodimers and a heterotrimer (PtrC4H1/ C4H2/C3H3) likely to be involved in monolignol biosynthesis. An important biological consequence of protein complex formation is the alteration (activation or inhibition) of the activity of the constituent enzymes (16, 19, 20, 34) . In our case, complex formation drastically activated the reaction rates of the constituent enzymes ( Table 1 ). The effect is most dramatic for the PtrC4H1/C4H2/ C3H3 trimer with p-coumaroyl shikimic acid. PtrC3H3 requires interaction with PtrC4H to function. The resulting complexes have increased activity, more than the sum of its constituents, new functions, and they provide regulation of hydroxylation in monolignol biosynthesis. The dimer PtrC4H1/C4H2 mediates cinnamic acid 4-hydroxylation, whereas PtrC4H1/C3H3 and PtrC4H2/C3H3 catalyze p-coumaroyl shikimic acid 3-hydroxylation (Table 1) providing one type of 3-hydroxylation flux leading to caffeoyl shikimic acid (Fig. 1) . The trimer PtrC4H1/C4H2/C3H3 mediates both 4-and 3-hydroxylations of cinnamic, p-coumaric, and p-coumaroyl shikimic acids, leading to an additional 3-hydroxylation path to caffeic acid (Fig. 1) .
Although the protein complex formation observed suggests a mechanism for metabolic channeling, our biochemical evidence does not support this within the PtrC4H/C3H3 complex. In metabolic channeling (35) a reaction product of one enzyme is transferred (channeled) to the next enzyme as its substrate (the channeled intermediate) without equilibrating with the bulk solution. If metabolic channeling took place in PtrC4H/C3H complexes, p-coumaric acid, the "channeled intermediate," would not diffuse from the complex into solution nor would exogenously supplied p-coumaric acid enter the complex. In contrast, PtrC4H/ C3H recombinant complexes (PtrC4H1/C3H3, PtrC4H2/C3H3, and PtrC4H1/C3H3/C4H2) converted exogenous p-coumaric acid into caffeic acid ( Table 1 ), demonstrating that p-coumaric acid can freely enter the complexes for conversion.
In SDX, the metabolite transfers associated with the 4-hydroxylation of cinnamic acid and 3-hydroxylation of p-coumaric acid are also accomplished by an aqueous diffusion process.
[β,γ- 13 (Fig. 2C) . Using LC/SRM, we identified free endogenous cinnamic, p-coumaric, and caffeic acids in SDX extracts (Fig. S1 A-C, E, and G) , further arguing against a metabolic Reciprocal coimmunoprecipitation of PtrC4H1, PtrC4H2, and PtrC3H3 in P. trichocarpa SDX using multiple antibodies. SDX total protein extracts (Triton X-100 treated) (SI Materials and Methods) were incubated with anti-PtrC4H1, -PtrC4H2, or -PtrC3H3 antibodies, and the immunoprecipitates were SDS/PAGE separated and analyzed by Western blotting using protein-specific antibodies.
channeling mechanism. In fact, all 24 monolignol biosynthetic intermediates (6) can be detected in the SDX extracts. Monolignol biosynthetic intermediates are often substrates for other phenylpropanoid pathways, e.g., flavonoids and lignans (36) , and as regulators of the metabolic flux within monolignol biosynthesis (9, 37, 38) .
We also showed strong evidence for the physical interaction of PtrC4H and PtrC3H proteins forming complexes in microsomal membranes using a yeast recombinant protein expression system (Fig. 4 A and B) , SDX protoplasts (Fig. 5 A-C) , and native SDX plant proteins Fig. 5 J and K) . Reciprocal coimmunoprecipitation of the multiprotein complexes provides strong and direct evidence of an intimate association of the three hydroxylases. DSP cross-linking indicated that the maximal distance between the two interacting proteins is 12 Å, the length of the spacer arm in DSP bridging the two proteins. The combined results of enzyme activity characterization, reciprocal coimmunoprecipitation, quantitative MS analysis, DSP chemical cross-linking, and BiFC, suggest the formation of stable C4H/C3H-related dimeric and trimeric protein complexes in microsomes of SDX cells for monolignol biosynthesis during wood formation in P. trichocarpa.
There is much more to learn about protein complex formation for the enzymes of monolignol biosynthesis. Complex formation may change the activity and/or specificity of enzymes in the pathway. These regulatory mechanisms need to be revisited using a quantitative systems approach. The combination of enzyme kinetics, BiFC, and coimmunopurification coupled with quantitative MS, provides a powerful approach for such investigations.
Materials and Methods
Plant materials, synthesis of enzyme reaction substrates, hydroxylation activity assays, recombinant hydroxylase production and enzyme kinetics, LC/ SRM MS, recombinant plasmid constructions, P. trichocarpa SDX protoplast transfection, BiFC, anti-Ptr4CH1, -PtrC4H2, and -PtrC3H3 antibodies, affinity purification-quantitative MS, proteomic data processing, and spectral counting, coimmunoprecipitation, chemical cross-linking, SDS/PAGE, and Western blotting are described in detail in SI Materials and Methods.
